Abstract. We investigate for the first time allometric vs. non-allometric shape variation in sea turtles through a geometric morphometrics approach. Five body parts (carapace, plastron, top and lateral sides of the head, dorsal side of front flippers) were considered in a sample of 58 loggerhead turtles (Caretta caretta) collected in the waters around Lampedusa island, Italy, the central Mediterranean. The allometric component was moderate but significant, except for the plastron, and may represent an ontogenetic optimization in the case of the head and flippers. The predominant non-allometric component encourages further investigation with sex and origin as potential explanatory variables. We also reported the variation of marginal and prefrontal scutes of 1497 turtles, showing that: variation of marginals is mostly limited to the two anteriormost scutes, symmetry is favored, asymmetry is biased to one pattern, and the variation of marginal and prefrontal scutes are linked. Comparisons with other datasets from the Mediterranean show a high variability, more likely caused by epigenetic factors. Finally, conversion equations between the most commonly used biometrics (curved and straight carapace length, carapace width, and weight) are often needed in sea turtle research but are lacking for the Mediterranean and are here estimated from a sample of 2624 turtles.
Introduction
Morphology has been one of the first and most common approaches for studying inter-and intraspecific phenotypic differences in animals, with evolutionary and taxonomic implications. The study of the anatomical features underwent a progressive evolution from qualitative descriptions to quantitative analyses, with geometric morphometrics (GM) representing the most recent development (reviewed by Adams et al., 2013) .
Marine turtles species usually consist of multiple populations and most show a worldwide distribution. In such a situation, a large morphological variability is expected and intraspecific variations have been reported (e.g. size, length/width ratio, scute patterns, color) (Kamezaki, 2003; Marquez, 1990) . Some such variants are so strong that sub-species or even species have been proposed on these bases, Türkozan et al., 2001) . Some of these studies tested possible linkages with other variables and observed different scute patterns among rookeries (Sim et al., 2014b) , different swimming performances among scute patters (Sim et al., 2014a) , epigenetic effects (Caracappa et al., 2016) and no different mortality (Ergene et al., 2011) . External linear morphometry of body parts, mainly head and carapace, was used to investigate allometry (Davenport and Scott, 1993; Kamezaki and Matsui, 1997; Marshall et al., 2012; Marshall et al., 2014; Salmon and Scholl, 2014) . In sea turtles, external geometric morphometrics has only been used to assess differences in carapace and plastron shapes of loggerhead hatchlings in relation to incubation duration (Ferreira et al., 2011) , while it has been applied to several other chelonians (e.g., Ceballos and Valenzuela, 2011; Chiari et al., 2009; Chiari and Claude, 2011; Chiari and Claude, 2012; Claude et al., 2003; Clavijo-Baquet et al., 2010; Valenzuela et al., 2004) . For its capacity of evaluating shapes as such Lawing and Polly, 2010; Mitteroecker et al., 2013) , GM has a great potential for studying allometry in sea turtles, without the limitations and the laboriousness of linear morphometrics (e.g., Kamezaki and Matsui, 1997) .
In order to contribute to the current knowledge about the above morphological aspects of sea turtles, we collected different types of morphological data from loggerhead sea turtles in the Mediterranean, with the following specific aims. First, we applied for the first time the geometric morphometrics approach to sea turtles of a wide size range, with the aims of quantifying the shape variability of different body parts of loggerhead turtles, assess if this variability has an allometric component and if this is a main factor, and propose a methodological approach for further studies on marine turtles. Second, we provided carapace scute patterns for Mediterranean loggerhead turtles of a wide size range, with the aims to quantify and describe variability thanks to a large sample size and to assess, by comparing with other datasets, if the scute pattern variability is mainly caused by size or geographical factors. Finally, we provided relationships between the main turtle biometrics, which are often helpful in sea turtle research, but are still lacking for the Mediterranean loggerhead population.
Materials and methods

Geometric morphometrics
A total of 58 loggerhead turtles (Caretta caretta) were included in this study. They were found in a variety of circumstances (e.g. bycatch, strandings) and brought to the sea turtle rescue centre in Lampedusa island, Italy (35.5°N, 12.6°E) in the period 2012-2013. Straight Carapace Length (SCL; Bolten, 1999) was measured. Five target body parts (carapace, plastron, top and lateral sides of the head, dorsal side of front flippers) were cleaned from epibionts and dried (to avoid reflection). Turtles were placed on a white substrate and photographed with a digital camera (Pentax K100D) from above. Pictures were taken at a distance of 3 m (except for the lateral sides of the head) in order to reduce visual distortion effects. For each body part 3-4 photos were taken and the best one in terms of identifiable landmarks was selected. Body parts of some turtles were lacking (flipper) or had anomalies and could not be considered. Only the left parts of the paired body parts (lateral side of head and flippers) were considered in the analyses, because more suitable images of them were available than of the right parts.
A total of 78 landmarks were identified: 38 on the carapace ( fig. 1) , 21 on the plastron ( fig. 1 ), seven both on the top and on the lateral side of the head ( fig. 2) , and five on the flipper ( fig. 2 ). Only the part of the flipper distal to the ulna was considered since it was relatively rigid and with a constant shape. From each photograph, landmark coordinates were acquired and exported through the program tpsDIG2 (Rohlf, 2015) , then the separate datasets for each body part were imported and analyzed by the program MorphoJ (Klingenberg, 2011) . For each dataset, variations in translation, rotation and size were removed through a full Procrustes fit (Rohlf and Slice, 1990 ) and a covariance matrix was generated. Carapace, plastron and top of the head were assumed to be symmetrical and landmarks were paired accordingly (Klingenberg et al., 2002) . Multivariate regression of shape (Procrustes coordinates) on size (ln(SCL) covariate; SCL: straight carapace length notch-tonotch (Bolten, 1999) ) was performed in order to separate the allometric (predicted values) and non-allometric (residuals) components of shape variation and % of shape variation assigned to the two components were calculated (Drake and Klingenberg, 2008) . Statistical significance of the regression was tested through a permutation test (10 000 rounds). If the test was significant, then a proportion of the shape variance was due to size (allometry) and thus principal component analysis (PCA) was performed on the residuals of the regression, which are the non-allometric component of shape. Otherwise PCA was performed on the original Pro- In order to provide a visual indication of the degree and direction of allometric shape variation, average shapes were compared between two arbitrary size classes: <40 cm and >50 cm SCL. Possible allometric relation of the size of different body parts was investigated through generalized additive models (GAM) (Hastie and Tibshirani, 1986) performed using the gam function from the mgcv package for R. The centroid size of the carapace was considered as the predictor variable and the centroid size of the other body parts as the response variable, in the form of PLA ∼ s(CAR) in the case of plastron. Allometric relationships are expected to be different from linear.
Scute patterns
Only marginal and prefrontal scutes were considered in this study because they are known to have the highest variability in loggerhead turtles in comparison to the more constant vertebral and costal scutes (e.g., Margaritoulis and Chiras, 2011) . Their variability was investigated on 1497 loggerhead turtles found in the waters around Lampedusa island in the period 1990-2005. For convenience, marginal scutes are here defined as including the supracaudal scutes. The number of prefrontal and marginal scutes (left and right sides) was recorded. In order to assess if the variation of marginal scutes was associated to a specific part of the carapace, the exact position of the marginal scutes was recorded in a subsample of 390 turtles, by recording the number of intermarginal junctions bordering each costal scute (left and right) and the last (caudal) vertebral scute. Differences of scute patterns were assessed trhough the Fisher's exact test (with simulated p-value based on 10 000 MC replicates) performed in R (R Development Core Team, 2016). Holm's correction was applied for multiple pairwise comparisons.
Biometrics
Biometric data were collected from 2624 loggerhead turtles found in the waters around Lampedusa island in the period 1990-2016: curved carapace length notch-to-tip (CCL), curved carapace width (CCW), straight carapace length notch-to-notch (SCL) (Bolten, 1999) and weight. The best equations describing the relationship between four pairs of the above measures (CCL and CCW; CCL and SCL; CCL and weight; SCL and weight) were obtained through maximum likelihood estimation (MLE) of the parameters (a,b,c) of linear (Y = a + bX) and power (Y = a + bX c ) functions. MLE was preferred to least squares approach because it does not require a normal error assumption. For relationships involving weight, only power functions were considered. MLE was performed by using the mle2 function from the bbmle package for R (R Development Core Team, 2016) . For the two relationships between linear metrics, the fittest model (linear vs power function) was selected on the basis of the lowest AIC (Akaike Information Criterion).
Results
Geometric morphometrics
The studied turtles ranged from 17.7 to 78.8 cm SCL (mean: 50.2; SD: 13.3; n = 58). Suitable images were available for 47 to 57 of the 58 turtles sampled, depending on the body part (table 1) . Variability of the shape of the five body parts (PC1 and PC2) in terms of PC ranges and shape ranges are shown in online supplementary fig. S1 and figs 3-7 respectively. All body parts except plastron showed a moderate but significant allometric component of shape change, accounting for 11.20-19.48% of the variance depending on the body part (table 1; fig. 8 ). From the comparison of small and large individuals, the most evident allometric variations can be seen in the carapace and head (online supplementary fig. S2 ). In the carapace, allometric variation consisted in the narrowing of the vertebral scutes and a small narrowing of the whole carapace. In the head, it consisted in the shortening (or widening) of the head. Relationships between centroid size of carapace and the other body parts suggest possible allometry in plastron, flipper and lateral side of the head (online supplementary fig. S3 ).
Scute patterns
Frequencies of marginal and prefrontal scutes of 1497 turtles are provided in online supplementary tables S1 and S2. Regarding marginals, the most common pattern (53.9%) was 13 scutes in both sides, while almost all turtles (96.8%) had 13 or 12 marginals in one or both sides. Considering only the four most common cases (animals with 12 or 13 scutes; n = 1449; table S1), the pattern 13L-12R was significantly more common than the opposite pattern 12L-13R (Fisher Exact test, P < 0.001, n = 1449). The exact location of the variation was investigated in a subsample of 390 turtles, showing that in the majority of turtles (383 or 98.2%) variation occured at the level of the two anteriormost marginal scutes which are merged into one in the case of 12 marginals. Regarding prefrontal scales, the most common cases were represented by 4, 5 and 6 scales (38.8%, 33.1%, 20.3% respectively; n = 1497). The number of prefrontal scales tended to increase with the number of marginal scutes (table 2; Fisher Exact test, P < 0.001, n = 1476). 
Discussion
This is the first study to investigate allometry in sea turtles through GM: so far the use of GM was limited to the single life stage of loggerhead hatchlings (Ferreira et al., 2011) . Results provided evidence of allometric shape variation of the carapace, head and front flippers, but not of the plastron. This allometric component accounts for a minor part of the total variation (11-20%), similar to what observed in other vertebrate and invertebrate taxa (e.g., Araújo et al., 2014; Bruner et al., 2010; Cardini et al., 2015; Gonzalez et al., 2013; Lemic et al., 2014; Uroše-vić et al., 2014; Yazdi, 2014; Žikić et al., 2014) . In sea turtles, allometry investigated by using linear morphometric data was reported by a few studies (Kamezaki and Matsui, 1997; Marshall et al., 2012; Salmon and Scholl, 2014) . However, variation of shape and linear measurements with size are not directly comparable and are not necessarily linked. For instance, the ratio head/body can change with size (allometry) while head shape can remain constant with size (isometry). The width to length ratio is the closer approximation of carapace shape available from linear measures. Using this measure, carapace was observed to widen in posthatchlings of loggerhead and green turtles (Chelonia mydas) and this was explained as an antipredator adaptation (Salmon and Scholl, 2014) while the opposite was observed in the largest size category of the turtles studied by Kamezaki and Matsui (1997) . Accordingly, our results showed an external carapace shape slightly narrowing with size, although the main allometric changes were observed at the vertebral scutes, which become narrow with size. Regarding the head, it becomes wider/shorter with size. This more robust shape might both host larger adductor muscles (Wyneken, 2001 ) and increase the leverage power of the mandible, thus facilitating feeding upon benthic prey (typically characterized by hard components, e.g. shells), which is more typical of larger loggerhed turtles than of smaller turtles more typically feeding on pelagic prey with soft bodies (Bjorndal, 1997) . The allometric change of shape of the other body parts were too subtle to be clearly evident. The shape of the plastron did not show a significant allometric change. This is not surprising, given that this body part is not involved in locomotion or other main activities and, differently from the carapace, it does not represent a strong shield against predators.
Since the non-allometric component represents the majority of the shape variation, potential explanatory factors such as sex or population (rookery) are worth to be investigated in future studies. In sea turtles, external sexual dimorphism becomes evident only at maturity (Casale et al., 2005) , but shape has not been considered so far and future studies may study shape variation in juveniles which have been sexed through specific techniques such as necroscopy, laparoscopy or hormonal assay (Wibbels, 1999) . Sexual dimorphic shape is Ergene et al. (2011) rather common in terrestrial and freshwater turtles (e.g., Bonnet et al., 2010) and could also be investigated in sea turtles, but an adequate sample of adult turtles is needed. For instance, plastron of males undergoes some changes during the mating period (Blanvillain et al., 2008) and it would be interesting to assess possible adult sexual dimorphism of plastron shape. Another question is if shape vary according to distinct nesting site or is due to maternal effect and associated to the clutch, like in a freshwater turtle (Myers et al., 2006) . Indeed, the study area is frequented by turtles originating from several different areas of the Mediterranean, including Libya, western Greece, Crete and Cyprus (Broderick et al., 2007; Casale et al., 2013; Casale and Mariani, 2014; Garofalo et al., 2013; Margaritoulis et al., 2003; Patel et al., 2015; Zbinden et al., 2011) and differences in adult size are already known from different rookeries (Margaritoulis et al., 2003) . Given that genetic markers cannot assess the origin at individual level (e.g., Garofalo et al., 2013) , morphological studies aiming to compare the above populations will have to be necessarily conducted by comparing adults collected at different breeding areas.
Regarding possible allometric relationship between body parts, although non-linear relationship was observed between carapace and plastron, flipper and the lateral side of the head at large size, this was the effect of few individual values and a larger sample would be desirable before deriving conclusions about possible allometry.
Variation of marginal scutes appears to be almost exclusively limited to the two anteriormost scutes, which may be two (the most common pattern) or only one. This can facilitate collecting data about marginal scute patterns, since recording only the pattern of the 2 anteriormost marginals is required. Scutes on the two sides appear to be linked and symmetrical patterns (12-12 or 13-13) represent the majority (77.2%). In the remaining asymmetrical cases, the right marginal scutes appear to have a higher likelihood to be one than the left scutes, as already noticed by Margaritoulis and Chiras (2011) . A comparison of marginal scute variation in the Mediterranean (table 4 and online  supplementary table S3 ) reveals significant differences among turtles of the same life stage and even from close areas, while only two other datasets are available for comparing prefrontal scales and do not show significant differences (table 4) . Therefore, although different patterns are observed among different size classes, probably the natal site is the main factor determining scute patterns. Although genetic structuring, especially due to female homing, is known within the Mediterranean (Carreras et al., 2007; Yilmaz et al., 2011) , it is questionable if a genetic component alone can explain the observed variability of marginal scutes. Scute variation in loggerheads may be affected by epigenetic factors (Caracappa et al., 2016) and incubation conditions are suspected to cause scute anomalies in freshwater turtles (Fernández and Rivera, 2004; Telemeco et al., 2013) . This environmental hypothesis is supported by the difference between marginal scute pattern observed in loggerhead hatchlings developed from natural and relocated nests in Turkey (Türkozan and Yilmaz, 2007) (Fisher Exact test, P < 0.01; n = 1922; calculated from raw data shown in the article). The environmental effect on scute variation would also explain, in a simpler way than genetics, the observed linkage between marginal and prefrontal scute patterns. Figure S1 . Variability in the first two principal components of the shape of five body parts of Mediterranean loggerhead turtles. See Table 1 for PC values. Table 3 .
